cleaning, drug delivery, and bioimaging, to cite some of their applications. [1] [2] [3] [4] [5] [6] [7] [8] In addition to that, their versatile luminescent properties have opened new areas for their application in optoelectronic and sensor devices. [9] [10] [11] [12] [13] [14] [15] [16] [17] Therefore, recent advances in experiments and theory have shed light on photoprocesses occurring in MOFs both in suspension and in solid state. [8, [18] [19] [20] [21] For example, for Zr-based MOFs, studies have elucidated the ultrafast dynamics related to excimer formation, ligand-to-cluster charge transfer (LCCT), and energy transfer to encapsulated guests. [18, [22] [23] [24] [25] Other studies have explored the dynamics of Zr-based MOFs having the same linkers and metal clusters but different crystalline phases, and thus different distances and angles between their neighboring linkers. [26] [27] [28] [29] These reports have shown the key role of the structural parameters in the interchromophoric interactions that lead to the formation of excimers in a specific network, and to their absence in others even having the same composition, but different structure. From the point of view of theory, MOFs with different metals in the clusters have been examined to understand the relevance of the metal-linker orbitals interaction. [8, 30] For example, and relevant to the present study, theoretical findings suggest that Ce-based MOFs may show a better photocatalytic performance than Zr-based ones. [30] Ce 4+ cation has empty and low-lying 4f orbitals that facilitate the LCCT interaction with the linker's highest occupied molecular orbital (HOMOs). Within the same report, a comparison between different metal clusters suggests that the LCCT has a negative energy, and thus is expected to be spontaneous only for Ce-MOFs, indicating that the photogenerated charges can be separated through LCCT reactions, increasing the lifetime of these photogenerated states. Electron/hole generation, diffusion, and recombination are key events in the photocatalytic activities and use of MOF-based LEDs. Thus, it is of great interest to elucidate Ce-based MOF photochemistry and photophysics, and to explore the relevance of the topology and presence of defects within their reticular structure in the photo induced processes and outcome.
Herein, we report on femto to millisecond (fs-ms) and single crystal fluorescence studies of two Ce-based MOFs in acetone suspensions: Ce-NU-1000 and Ce-CAU-24-TBAPy (Figure 1) . [31] These Ce-MOFs are not stable in aqueous solutions and, therefore, all experiments were conducted in acetone, which presents similar characteristics to acetonitrile. Many photocatalytic reactions like the reduction of CO 2 are conducted in acetonitrile and as a result, Ce-NU-1000 and Ce-CAU-24-TBAPy are potential photocatalysts for these types of reactions. [32] Both reticular materials have the same composition, being formed by the 1,3,6,8-tetrakis(p-benzoate) pyrene (TBAPy 4− ) as linker and hexanuclear cerium oxide clusters. Picosecond resolution experiments indicate that the linker (H 4 TBAPy) molecules in acetone undergo an intramolecular charge transfer (ICT) reaction, which decays in ≈1.6 ns, and a twisting in the excited state of the external rings, which quenches the emission, decaying in ≈90 ps. For the Ce-NU-1000 in acetone suspensions, we observed ICT and LCCT reactions of comparable time scale (100-160 fs), and excimer formation (50 ps). The generated structures display times spanning from a few femto to millisecond regime. The structural restrictions in Ce-CAU-24-TBAPy prohibit the excimer formation, while ICT and LCCT events occur in comparable times to the former MOF. The LCCT states show two long-time relaxation processes (milisecond regime), which are dependently produced by the presence of defects in the crystals, as is clearly supported by time-resolved single crystal fluorescence microscopy. Ce-CAU-24-TBAPy exhibits a selective photosensitivity to nitroaromatics. Our results clearly show the relevance of topologies and defects in the photobehaviors of two Ce-based MOFs having similar linkers. The examined photoevents open or close channels on the potential-energy surfaces leading to very important photoproprieties of MOFs such as those related to photocatalysis, photosensors, and LEDs performance.
Results and Discussion

Steady-State Observation
H 4 TBAPy Linker
To begin with, Figure 2A shows the UV-visible absorption and emission spectra of H 4 TBAPy (the free framework linker) in acetone. The absorption spectrum exhibits two bands: one with the maximum intensity at ≈420 nm, which corresponds to the S 0 → S 1 transition observed for pyrene derivatives, [33] and a second one at ≈330 nm. The latter one can be either due to the absorption of a different species at the ground state (S 0 ) or due to S 0 → S n (n > 1) transitions of the absorbing structures at 420 nm. [33] Both bands are shifted to longer wavelengths when compared to the spectra of pyrenes lacking the acid groups in H 4 TBpY. The band at ≈420 nm has some vibrational resolution, which is common in molecules with aromatic cores, such as pyrene. [34] The fluorescence spectrum depends on the excitation wavelength ( Figure 2A and Figure S2A , Supporting Information). It presents two bands with intensity maxima at ≈430 and ≈540 nm upon excitation at 370 and 450 nm, respectively. This observation indicates the presence of at least two emitting species of this linker in the acetone solutions. The red shift (5140 cm −1 ) of the green emission band suggests the presence of a process at the electronically first excited state (S 1 ). Looking at the molecular structure of H 4 TBpY, this band can be the result of an intramolecular charge-transfer (ICT) process occurring at S 1 . Figure S2B in the Supporting Information shows that the excitation spectra, gating the signal at both fluorescence bands, do not depend on the emission wavelength, but are very different from the absorption spectrum. This suggests the presence of efficient nonradiative processes upon Adv. Sci. 2019, 6, 1901020 excitation at the visible side of the absorption band, probably due to ICT events at S 1 (see later), and upon excitation at the UV-one, probably due to crossing to higher-energy nonradiative states. Note that the phenyl carboxylate acid moieties may rotate at S 1 , enhancing the radiationless processes.
Ce-NU-1000 MOF
The UV-visible absorption spectrum of Ce-NU-1000 in an acetone suspension is also composed by two bands located at ≈325 and ≈410 nm ( Figure 2B ). The UV-band is comparable in location and shape to the one of the linker, suggesting that it corresponds to this moiety in the MOF. The second band is broader without vibrational structure, which reflects a stronger interaction of the linkers with the metal clusters. The emission spectrum is clearly composed of two bands with intensity maxima at ≈465 and ≈535 nm. The first one probably originates from the linkers in the MOF, and it is slightly red-shifted in comparison to that of H 4 TBAPy. We will subsequently explain it in terms of interactions of the linker with the Ce-oxide clusters in the framework ( Figure 1A ). The green emission band is much broader, so it might be due to several emissive species.
One possibility is excimer formation upon interaction of the linkers at S 1 and S 0 states as it has been observed in other MOFs. [18, 21, 26, 29, 35] Examining the structure of Ce-NU-1000 MOF ( Figure 1A) , the linkers forming the triangular holes may be close enough and in a favorable position to produce excimers. The distance (11 Å) and the angle between them (65°) are not ideal for an excimer formation. Nevertheless, comparable situations in other MOFs have been reported, where excimers emission was observed. [18, 26, 29, 35] Note also that the green emission can be recorded upon excitation at both, the UV and visible absorption bands, which reinforces the explanation involving excimers ( Figure S3A , Supporting Information). The excitation spectra gating the green emission do not depend on the observation wavelength, but are different from the absorption one, indicating the involvement of efficient nonradiative events. The fluorescence quantum yield exciting at 370 nm is very low: 10 −4 . absorption one shows the same band at ≈325 nm observed in Ce-NU-1000, and a broader one with its intensity maximum at ≈420 nm. The broadness suggests the presence of more absorbing species than in Ce-NU-1000. However, the emission spectrum consists of a single band with an intensity maximum at ≈525 nm, and two shoulders at ≈500 and ≈575 nm. The difference between this spectrum and that of Ce-NU-1000 indicates a different interaction within the MOF structures, reflecting that the reticular topology has an impact on the spectroscopic behavior of this kind of Ce-MOFs. The absence of the band at ≈540 nm observed in Ce-Nu-1000, suggests the lack of or weak emission from excimers. The structure of Ce-CAU-24-TBAPy ( Figure 1B) shows small distance variation (12 Å vs 11 Å) but larger angles (72° vs 65°) between the linkers than in Ce-NU-1000, which lowers the possibility to form excimers in the former. The emission spectrum does not depend on the excitation wavelength ( Figure S4A , Supporting Information), and the excitation spectra ( Figure S4B , Supporting Information), independent of the observation wavelength, are different from the absorption spectrum, but similar to those of Ce-NU-1000. The fluorescence quantum yield exciting at 370 nm is also low (1%) but higher than that of Ce-NU-1000 ( Figure S5 , Supporting Information).
Ce-CAU-24-TBAPy MOF
In this section, we conclude that these Ce-based MOFs having the same linkers and metal nodes, but a small difference in topology show different emission spectra, in intensity and shape, reflecting the formation (Ce-NU-1000) or lack (Ce-CAU-24-TBAPy) of excimers upon photoexcitation. Time-resolved experiments will give information on the related photoevents.
Picosecond Observation of H 4 TBpY, Ce-NU-1000, and Ce-CAU-24-TBAPy
H 4 TBAPy Linker
To explore the photodynamics of these MOFs, we first studied the emission decays of the free linker in acetone. The sample was excited at 370 nm (IRF = 70 ps) and the fluorescence decays were recorded from 430 to 525 nm. Figure 2D shows the results and Table 1 gives the obtained data from a multiexponential fit of the decays. The analysis provides three fluorescence lifetimes of 0.09, 1.67, and 3.17 ns that are decaying along the whole observed spectral range. The intermediate one has the highest contribution (c i ) at the bluest part of the spectrum, while the shortest and longest components increase their contributions at longer wavelengths. It has been reported that similar pyrene-core molecules in solution and having different aromatic substituents, only present single exponential decays of ≈0.5-2.3 ns, corresponding to the monomer emission, [33] and H 4 TBpY in dimethylformamide shows a single emission of 1.90 ns. [26] Hence, we assign the intermediate component (1. 67 ns) to the emission of the monomer of H 4 TBpY. Previous studies have shown that the pyrene excimers are characterized by very long lifetimes, [36] so the longest lifetime observed here is probably not of excimers emission, but of a charge-transfer character species (Scheme 1 and Scheme S1A, Supporting Information). Surprisingly, the contribution of the shorter Adv. Sci. 2019, 6, 1901020 Table 1 . Values of the time constants (τ i ) and pre-exponential factors (a i ) and contributions (c i ) normalized (to 100) obtained from a multiexponential fit of the emission decays of the indicated samples upon excitation at 370 nm. Scheme 1. Illustration of the ultrafast processes and their time constants occurring within the excited two Ce-based MOFs in acetone suspensions: ICT (intramolecular-charge transfer, blue), LCCT (ligand-to-cluster charge transfer, green), and excimer formation (red). The time constants for the emitter to the ground state are indicated at the bottom. More information in Scheme S1. component (≈40 ps) increases at longer wavelengths ( Figure 2D and Table 1 ). We believe that this lifetime is of species that underwent twisting or rotation events of the phenyl carboxylate moieties, enhancing then the nonradiative processes (Scheme 1 and Scheme S1A, Supporting Information).
Ce-NU-1000 MOF
To elucidate how the topology of neighboring linkers and their interactions with the metal clusters affect Ce-based MOFs dynamics, we first carried out picosecond experiments on Ce-NU-1000 in acetone suspensions. Figure 2E shows the emission decays upon excitation at 370 nm, and Tables 1 and S1 in the Supporting Information give the corresponding parameters obtained from a multiexponential fit. The best fits give emission lifetimes of τ 1 = 0.18 ns, τ 2 = 1.75 ns, and τ 3 = 14.3 ns. The three components decay in the whole observed spectral range. The two shortest ones have their major contribution at short wavelengths, while the longest one starting at 500 nm presents its maximum at longest ones. The second component has a lifetime (1.75 ns) very similar to that of H 4 TBpY in solution (1.67 ns), and therefore it is assigned to the emission lifetime of the linkers in the MOF which do not suffer further photoevents at S 1 . That of the 180 ps is due to monomers strongly interacting with Ce-clusters, most probably undergoing a ligandto-cluster (metal) charge transfer (LCCT) reaction (Scheme 1 and Scheme S1B, Supporting Information). Finally, the longest component (14.3 ns) is due to excimers emission decay. Comparable lifetimes of excimers of aromatic molecules have been reported. [18, 19, 35] However, other MOFs in polymeric matrices, having similar aromatic linkers, but different metal clusters (Fe, In, or Zr) have shown shorter (3-6 ns) emission lifetime of excimers. [26, 29] The optimized structure of Ce-NU-1000 using the X-ray data shows a distance of ≈11 Å and an angle of ≈65° between neighboring linkers (Scheme 1 and Scheme S1B, Supporting Information), which in combination with the different environment created by the metal, may lead to longer excimer lifetimes. The observation of three decaying components is a signature of the heterogeneity of the interactions in the otherwise highly crystalline MOFs, where linker-linker and linkermetal cluster interactions may shape their photobehaviors. Defects have been reported paramount to the performance of an OLED-based on a Zr-MOF. [37] Such differences are also relevant for the photocatalytic use of this kind of materials.
Ce-CAU-24-TBAPy MOF
The topologically different Ce-CAU-24-TBAPy MOF was also studied in acetone suspensions upon excitation at 370 nm. Figure 2F shows the emission decays and Tables 1 and S2 in the Supporting Information give the obtained parameters from the best fit. We got three components of τ 1 = 0.19 ns, τ 2 = 1.64 ns, and τ 3 = 5.28 ns. The contributions of the τ 1 and τ 2 components decrease at longer wavelengths of observation, until vanishing in the case of the shortest one, while the contribution of the τ 3 -component increases. In comparison with the behavior of Ce-NU-1000, τ 1 and τ 2 are of comparable values.
Thus, we assign them to the emissions of the linkers affected and not affected by the metal clusters environments, respectively. The longest component (τ 3 = 5.28 ns) reflects a different value and behavior (appearing at all observation wavelengths) in comparison with the longest one of Ce-NU-1000 (14.3 ns). This remarkable difference in agreement with the steady-state emission spectra clearly points to the restrictions that presents the framework topology (mainly reflected in different angles between neighboring linkers) of Ce-CAU-24-TBAPy, not allowing excimer formation. Pyrene derivatives with substituents of a high electron density undergo ICT reactions at S 1 . Thus, we suggest that the 5.28 ns component in this MOF is the lifetime of an ICT species (Scheme 1 and Scheme S1C, Supporting Information).
To explore the excess energy effect of the excitation on the outcome of the LCCT and ICT reactions, we performed experiments also exciting Ce-CAU-24-TBAPy at lower energy (430 nm) and compared the contributions of the resulting components in the global emission decays ( Figure S7 and Table S3 , Supporting Information). The result shows that the contribution of the 0.2 ns component largely decreases upon decreasing the excitation energy. This result is interpreted in terms of localized excitation (within the 320-470 nm range) that induces the LCCT reaction.
To obtain more information on the excited-state photobehaviors of Ce-CAU-24-TBAPy, we recorded picosecond time-resolved emission spectra (TRES). The insert of Figure 2F shows the normalized TRES, and Figure S6B in the Supporting Information exhibits the not-normalized result. First, gating at times shorter than 50 ps, the spectra have their intensity maxima at ≈495 nm. While increasing the gating time, the intensity of this maximum decreases and the green emission band located at ≈525 nm becomes more intense. These two peaks are very similar to those observed in the steady-state spectrum ( Figure 2C ). The picosecond -resolution of the setup (about 15 ps after a deconvolution of the signal) does not allow to know if the emitting structures are connected or not. However, femtosecond-experiments will provide a detailed picture (see later). The shoulder in the spectra at longest gating times at ≈570 nm, probably corresponds to species having the lifetime of 5.28 ns, and as a result of an ICT reaction.
As a conclusion of this section, we clearly observed that different topologies of Ce-based MOFs having identical linkers and metal nodes lead to different photodynamics, reflected in the formation or not of excimers. Defects in these materials might be different in amount, nature, and distribution. The presence of defects and their exact nature has been subject of many investigations in MOFs with M 6 (M = Zr, Hf, Ce, etc.) clusters and has still not been fully resolved. [38, 39] In Ce-MOFs, the presence of structural missing-linker defects has been suggested for Ce-UiO-66 but this does not exclude other structural defects like missing clusters. [40] Thus, we expect that both types can occur in the herein studied Ce-MOFs. Besides structural defects, it is also likely that small amounts of reduced Ce 3+ ions are present in the materials. It has been reported that the synthesis solvent can reduce Ce 4+ of the cluster, ultimately leading to Ce 3+ containing MOFs or side products. [41, 42] XANES analysis of a Ce 6 -MOF has shown that up to 1 Ce 3+ ion per cluster can be present without any loss of structural integrity. [43] The following time-resolved single crystal fluorescence microscopy experiments will provide insights on their presence and impact.
Single Crystal Fluorescence Microscopy
To this end, we have studied the emission spectra, decays, and anisotropy of single crystals of Ce-CAU-24-TBAPy following picosecond-excitation at 370 nm. Unfortunately, the emission intensity of the single Ce-NU-1000 crystals is very weak and we could not obtain accurate data to analyze. However, we collected the fluorescence lifetime images, spectra, and decays of 20 different Ce-CAU-24-TBAPy crystals and at different points on each individual crystal. Figure 3 shows representative emission spectra of different single crystals of Ce-CAU-24-TBAPy (panel A), the spectra collected at selected points on a representative single crystal (panel B), the picosecond emission decays and the analysis at different spectral regions (panel C), and its emission anisotropy (panel D) ( Figure S8 , Supporting Information). Clearly, the shapes of the emission spectra vary across the different examined single crystals ( Figure 3A ) indicating a heterogeneous behavior of the emitting species in these crystals. While the maximum of emission intensity is located at the same wavelength (540 nm), the spectra present different shapes along the studied crystals because of the different relative contributions of the emitting species. This result indicates the presence of randomly distributed defects in the MOF framework giving rise to the observed photobehaviors. Remarkably, the heterogeneity is evident also in the spectral behavior within isolated crystals. Figure 3B shows the collected spectra at three different points at a representative single crystal, while the inset gives the fluorescence image of the examined crystal showing the three selected probed zones. Points 1 and 3 are located at the two crystal extremes, while point 2 is located at its center. We did not observe a clear dependence on the interrogated region suggesting a heterogeneous distribution of the defects through the crystal structure. Compared with the steady-state spectrum ( Figure 2C ), we observe that this spectrum is an average of those collected under the microscope (spatial resolution: 250-300 nm). Thus, the difference in intensity of each band of the single crystals indicates that the random distribution of defects in the framework gives rise to different emitting species.
To further elucidate the effect of defects on Ce-CAU-24-TBAPy photobehavior, we recoded the emission decays at different points of single crystals. Table S4 in the Supporting Information shows the obtained lifetimes and pre-exponential factors from the multiexponential fit of the decays ( Figure S8 , Supporting Information) of the representative crystal (inset of Figure 3B ). The fit gives three components of ≈0.5, ≈2.6, and ≈8.5 ns. The values of the time components are longer than those observed in the ensemble average picosecond experiments of the sample in suspension (0.19, 1.64, and 5.28 ns). The difference in the values is explained in terms of the solvent effect on the dynamic process in suspensions. Solventdependent photobehaviors have been recently reported for Zr-based MOFs, [29] related to the accessibility of low-lying polar Adv. Sci. 2019, 6, 1901020 states in polar solvents. The values of the time components do not vary between the studied crystals and the interrogated points within the same single crystal with the main difference arising from changes in the relative contribution of each component (Table S5 , Supporting Information). The shortest component (0.5 ns) has the highest contribution in the global decays collected at point 3 (83%), and it decreases to 69% for the ones recorded at point 1. The opposite behavior is found for the 8.5 ns component. Finally, the contribution of the intermediate component (2.6 ns) is comparable for all the studied points.
To better understand the lifetimes distribution, we studied several crystals collecting their emission decays at two different spectral regions ( Figure 3C ): from 475 to 525 nm (DI) and from 600 to 650 nm (DII) ( Figure 3A) . Table S4 in the Supporting Information gives the lifetimes and the pre-exponential factors (normalized to 100) obtained from the multiexponential fit. The emission collected at DI region decays bi-exponentially with time constants of 0.53 and 2.40 ns. The relative contribution of the shortest component is 90%, indicating that this is the dominant emitting species in this spectral region. The fit of the decays at DII region gives two components of 2.50 and 8.81 ns. The relative contributions of these two emitters are 60% and 40%, respectively. The larger relative contribution of these two components (40-60%) when we analyze the spectrally resolved emission decays in comparison with the significantly lower one (4-24%) collected without spectral discrimination indicates that the main emitters for the whole crystal show the shortest component (0.5 ns).
Finally, to obtain information on the orientation of the emitting structures we studied the emission anisotropic behavior of several Ce-CAU-24-TBAPy single crystals. Figure 3D shows a representative image of a crystal, and a representative histogram of the steady-state anisotropy value distribution in the same crystal. Additional examples are given in Figure S9 in the Supporting Information. The histogram is fitted by a Gaussian function which shows a distribution with maximum at −0.33 (full-width at half maximum of intensity, FWHM = 0.10). This behavior and the value of the steady-state anisotropy indicate an ordered periodic structure and preferential orientation of the dipole moment of the emitters within the single crystal, in agreement with the high crystallinity if this MOF (Figure 1 and Figure S1 , Supporting Information). It should be noted that the fluorescence lifetime imaging and the anisotropy value distribution (under our experimental conditions, limited by a spatial resolution of 250-300 nm) along the studied crystals cannot provide correct description of the defects: type, number, and localization in the crystals.
Nanosecond-Microsecond Transient Absorption Observations
To obtain information on the slow relaxation pathways from the excited states of these MOFs in acetone, we performed flash photolysis transient absorption (TA) experiments (nanosecond-microsecond time scale). Figures S10 and S11 in the Supporting Information show the transient absorption spectra (TAS) upon excitation at 430 nm and gating at different times, and the corresponding transient decays at selected wavelengths of probing. Table S6 in the Supporting Information exhibits the parameters obtained from the fit of the decays. We first discuss the behavior of the free linker in acetone. The intensities of its TAS are very low at any gating time ( Figure S10A , Supporting Information). After a long-time accumulation, we were able to collect its TA decays at 450, 500, and 600 nm ( Figure S10D , Supporting Information). The three transients are due to two long nonemissive species of 0.56 and 2.15 µs. When the solution is saturated with O 2 or N 2 , the time constants do not vary ( Figure S12A , Supporting Information), indicating that they do not originate from triplet states. Exciting at 355 nm gives the same result, indicating that we are interrogating the same species of the linker ( Figure S13 , Supporting Information). We suggest that these two absorbing species correspond to twisted and ICT intermediates between the singlet and fundamental states of the species described in the picosecond section.
We then analyzed the behavior of both MOFs in acetone suspensions. For Ce-NU-1000, the TAS show a relatively strong continuous negative band in the probed visible region (450-750 nm) with the maximum of intensity at 720 nm ( Figure S10B , Supporting Information). Similar TAS, showing a continuous signal, is shown by Ce-CAU-24-TBAPy ( Figure S10C , Supporting Information). This kind of continuous spectra have been already recorded for other MOFs, [44] [45] [46] [47] and the behaviors were attributed to long-lived charge-separated states (CSSs) in these materials. The incorporation of Ce 4+ metal nodes in hybrid materials has been suggested to facilitate LCCT reaction. [8, 30] The empty 4f orbitals of Ce 4+ are found distributed within the gap of the linker orbitals, allowing a favorable LCCT event, which is desirable to obtain long-lived excited states, and significantly increasing the photocatalytic performance of these materials. [30] The fits of the transient signal give two components of 0.64 and 4.91 µs for Ce-NU-1000, and 1.59 and 13.43 µs for Ce-CAU-24-TBAPy, which are attributed to the time constants of e − -h + pair recombination. Other MOFs, behaving as semiconductors, have shown multiexponential e − -h + recombination, attributed to shallow and deeper trapped states. [18, 48] It has been also suggested that due to the complexity of the metal cluster particles and presence of defects, different trapped states can be formed, producing different e − -h + recombination times. Thus, based on previous reports, [18, 48] we suggest that the shortest decaying component (0.64 and 1.59 µs) corresponds to the e − -h + recombination from a shallow trap states, while the longest one (4.91 and 13.43 µs) comes from deeper ones. It is worth to note that while having the same linkers and Ce-based metal clusters, the different topologies of these MOFs also lead to different e − -h + recombination times, which are three times longer for Ce-CAU-24-TBAPy than for Ce-NU-1000. Thus, not only the neighboring linkers arrangement (distance and angle) is key in the photobehaviors of these MOFs, but also the metal clusters environment and orientation affect the long time relaxation processes, relevant to the performance of MOFs in photocatalysis, and OLED. [37, 49] Although the mechanisms of photosensing (dynamic quenching) and photocatalysis are intrinsically different, they both depend on the diffusion and collision of the involved reactants. Therefore, the presence of long-lived charge-separated excited states in the two Ce-MOFs can enhance their photocatalytic activity or increase their efficiency as photosensors by decreasing the probability that the photogenerated electrons and holes recombine before accessing adsorbed reactants. [50, 51] This is especially valid for Ce-CAU-24-TBAPy, where the charge separated states live longer (1.59 and 13.43 µs). It should be noted that, while we cannot determine if the number and nature of defects are different in these Ce-based MOFs, there is a small difference in the metal-clusters orientation in both MOFs: the metal clusters in Ce-CAU-24-TBAPy are all oriented in the same direction, which is not the case for Ce-NU-1000 with 3 different orientations. As this situation produces different topologies of this Ce-based MOF, it could lead to different (in nature and number) defects on the metal clusters ( Figure 1A,B) , and therefore different e − -h + recombination times in the deeper and shallow trap states.
The generation of electrons and holes in MOFs, reminiscent to the photobehavior of semiconductors, has been demonstrated by analyzing their reductive and oxidizing power when interacting with relevant organic compounds. N,N,N′,N′tetramethyl-phenylenediamine (TMPD) has been used to evaluate the reductive and oxidizing ability of MOFs. [18, 46, 52] The feasibility of Ce-MOFs as photocatalyst has recently been investigated theoretically by calculating the density of states for several Ce-MOFs and the authors have suggested that the UiO-66(Ce)-NH 2 MOF would be able to photocatalyze CO 2 reduction. [30] The radical monocation structure (TMPD + ) is easily detected, presenting a characteristic absorption spectrum with two intensity maxima at ≈550 and ≈600 nm. Figure S14 in the Supporting Information shows the appearance of the TMPD + band in both MOFs/TMPD suspensions even without any exposure to laser excitation. This fact indicates an electronic interaction with MOF, generating TMPD + species at the ground state. A plausible explanation is that the Ce-MOFs already have a partial charge-transfer character at S 0 where a charge has migrated from the pyrene linkers to the Ce-clusters. In this scenario and following the observation, the HOMO of TMPD should be higher than that of the delocalized chargetransfer molecular orbital of the MOFs. In any scenario, our observation shows that Ce-based MOFs are suitable materials for catalysis as they already present LCCT character at the ground state in agreement with the theoretical prediction. [30] Thus, improving this ability could be of great importance to catalysis using MOFs without light.
Summarizing this section, both MOFs photoproduce longliving CSSs as a results of LCCT reaction, being the e − /h + recombination times almost three times longer in Ce-CAU-24-TBAPy MOF than in Ce-Nu-1000 one, probably reflecting different defects on the metal clusters. Interestingly, even in the absence of light irradiation, both MOFs give an electron to the well-known molecular probe, TMPD, opening the way to its possible use in catalysis without light.
Femtosecond Time-Resolved Experiments
In the previous section, we have invoked and discussed the presence of LCCT and ICT reactions. However, we could not give the time scale of these events, due to the longer time-resolution of the picosecond-system. Below, we discuss results of experiments using femtosecond-resolution of both fluorescence up-conversion and UV-visible-NIR TA spectroscopies aiming to elucidate both ultrafast dynamics and spectroscopy of the samples studied here.
Femtosecond Time-Resolved Up-Conversion Emission Observation
To explore the ultrafast processes that occur in the excited state of the MOFs, we carried out femtosecond experiments in acetone suspensions. We excited at 370 nm and gated the emission at different wavelengths. The very low quantum yield of Ce-NU-1000 requires very long collecting times in the femtosecond-experiments, which lead to a photodegradation of the sample, and therefore the impossibility to carry out the experiments under a high repetition rate (80 MHz). However, this barrier was overcome using femtosecond-TA spectroscopy working at lower repetition rate (1 kHz). The data are shown in Section 2.5.2.
On the other hand, femtosecond-emission experiments on Ce-CAU-24-TBAPy in acetone were performed. Figure S15 in the Supporting Information displays the recorded transients in a short time window, while Figure S16 in the Supporting Information shows them in a longer one. Table S7 in the Supporting Information exhibits the values of the time constants and the pre-exponential factors (normalized to 100) using multiexponential fits. We obtained two components of ≈160 fs and ≈225 ps. The longest component has a time similar to the shortest one obtained in the picosecond experiments, assigned to the linker species interacting with Ce-clusters. The presence of a femtosecond-component that decays from 440 to 530 nm and rises from 550 nm to the end of the probed spectral range indicates the presence of an ultrafast reaction at S 1 . Based on the spectral and dynamical behavior of this component, we assigned it to an ICT reaction happening within few of the excited linkers (Scheme S1C, Supporting Information). Note that in this short time regime, intramolecular vibrationalenergy redistribution (IVR, 100s of fs) and vibrational relaxation (VR, few picoseconds) processes are also taking place, and therefore it is possible that the observed 160 fs is a combination of the ICT component with these events. LCCT reaction should be also very fast, but it generates nonfluorescent species at the studied spectral region and thus the rising component cannot include this process. However, this will be examined in the following section.
Femtosecond Time-Resolved UV-Visible-NIR Transient Absorption Observation
To get a full understanding of the photobehaviors of these MOFs, we have carried out femtosecond-TA experiments. The ultrafast electronic (400 nm, ≈100 fs excitation, 1 kHz) excitation brings the system to the S 1 potential-energy surface where the photoevents start taking place to direct the wavepacket to other wells on the potential-energy surfaces. Figures 4, 5 and 6 show the visible-NIR transient absorption spectra of H 4 TBAPy, Ce-NU-1000, and Ce-CAU-24-TBAPy, respectively. Due to the low solubility of the free linker in acetone, we used a 1:1 acetone:DMF solution to increase its solubility. However, both MOFs were measured in acetone suspensions. The visible TAS of the linker show the time evolution of a band located at ≈700 nm ( Figure 4A ). This band exhibits a shoulder at shorter probed wavelengths (≈650 nm) which seems to disappear in ≈2 ps. On the other hand, the NIR-TAS show a broad positive band with two intensity maxima centered at ≈900 and ≈980 nm ( Figure 4B ). Both maxima are formed in less than 120 fs.
Ce-NU-1000 TAS display an intense band at ≈600 nm. This band is formed in less than 120 fs and reaches its maximum in ≈1 ps ( Figure 5A) . A weaker band is recorded in the 700 nm region and starts decreasing while showing a shift to lower wavelengths. For clarity, the NIR-TAS are presented in panels B and C of Figure 5 . Panel B and Figure S17 in the Supporting Information show a negative band centered at ≈1000 nm, and which disappears in ≈150 fs. It is worthy to notice that the very early negative signal in this band does not appear in the NIR-TAS of the free linker ( Figure 4B ). The NIR spectra of Ce-NU-1000 originate from a positive absorption band centered at ≈925 nm. When the gating time increases, a shoulder appears at ≈1000 nm. Note also the shift of the 925 nm band to lower absorption wavelengths at times longer than ≈320 fs ( Figure 5C) .
Clearly, the spectral features at both, visible and NIR-TAS of the MOF, are different from those of the free linker, reflecting the occurrence of different femtosecond-events in the reticular structure. To begin with, the early and negative signal at ≈1000 nm in the MOF's TAS at the NIR region, is a clear evidence of a LCCT reaction which cannot happen in the free linker. The negative band is an instantaneous emission from a charge-separated state, ultrafast generated (≈100 fs) due to LCCT reaction, and which has not yet relaxed to other states as those of deeper and shallow ones invoked above in the flash photolysis observation. The ultrafast LCCT event involves the strong overlap of the available 4f orbitals of the Ce-clusters with those of the linker orbitals gap. Further relaxation leads to the formation of species absorbing in the visible-NIR spectral region. Now, we examine the TAS of Ce-CAU-24-TBAPy ( Figure 6 ). To begin with the visible region, an instantaneous positive band appears at times shorter than 120 fs, having its intensity maximum at 700 nm, and a shoulder at ≈600 nm. These spectral features are reminiscent to those of the free linker ( Figure 4A ) but are very different from those of Ce-NU-1000 MOF ( Figure 5A ). However, and it is worthy to remark, that the NIR-TAS of Ce-CAU-24-TBAPy are very different from those of Ce-NU-1000, except for the stronger negative signal at ≈1000 nm ( Figure 6C) . Figure S18 in the Supporting Information shows a comparative illustration of TAS at different regions and delay times of the probe. Clearly, the MOFs behave differently, reflecting different formation and yield of formed transient species. In agreement with the femtosecond-emission experiments (Figures S15 Adv. Sci. 2019, 6, 1901020 and S16, and Table S7 , Supporting Information), the rising TAS (in terms of increase in the transient optical density) at the visible region are due to the absorption of ICT species. Thus, the positive bands in the 650-750 nm region in both MOFs mainly originate from the ICT structures of the linkers in the MOFs. Further examination of the dynamical behavior of these bands suggests a rising component of ≈50 ps in the case of Ce-NU-1000, assigned to excimer absorption in agreement with the steady-state emission spectrum ( Figure 2B ). The TA band of Ce-NU-1000 at 600 nm clearly reflects the formation of LCCT species as it does not appear in the H 4 TBAPy TAS. However, for Ce-CAU-24-TBAPy, this band is not recorded, most probably due to the strong emission of this MOF in this region, contrary to the weaker one of Ce-NU-1000 ( Figure 2 ). Now, we compare and assign the spectral features in the NIR region. To begin with very short time observations (150 fs, Figure S18 , Supporting Information), the positive band of H 4 TBAPy is the absorption of ICT species as it happens in the visible one. However, the negative bands of both MOFs, being stronger in the case of Ce-CAU-24-TBAPy, are due to emission from instantaneously (within the excitation pulse, ≈100 fs) created LCCT structures within the frameworks. The positive band appearing at ≈880 nm also reflects the formation of these species, leading to "semiconductor-like" materials where electrons and holes (e − /h + ) are created, separated, diffused, and later recombined to the ground state. [18] We already discussed the recombination process in the section of flash photolysis. At longer time delays, the intensity of these bands becomes stronger ( Figure S18C, Supporting Information) . The relative intensities of the positive bands at ≈1000 nm, assigned to ICT structures of the linkers in both MOFs, suggest that these species are less efficiently formed in the Ce-NU-1000 framework, in agreement with the low absorption intensity at ≈700 nm.
After identifying the transient absorption and emission bands, we proceed now to analyze their femtosecond-dynamics. Figure S19 in the Supporting Information shows representative decays at selected probing wavelengths according to the previous spectral assignment. Figure S20 in the Supporting Information shows the decays at other probing wavelengths in the NIR region. The data from the multiexponential fits of these transients are given in Table 2 . To begin with the visible region, the transients of the three samples exhibit a very fast rising component of 100-200 fs. For H 4 TBAPy, this component is due to ICT, as we discussed in the femtosecond-TAS section. For both MOFs, it embraces ICT and LCCT reactions, noting that Ce-CAU-24-TBAPy exhibits the fastest one (90-150 fs). Ce-NU-1000 also shows a 50 ps rising component at 700 nm, due to the formation of excimers ( Figure S19B , Supporting Information). In addition to these rising signals, the fits also give 3-7 ps components due to VR/cooling in the excited systems.
To further elucidate the femtosecond-dynamics, we analyzed the transients in the NIR region where we observed ultrafast decaying and rising components sharing a common channel. H 4 TBAPy transients (at 900 and 940 nm) exhibit a rising component of 520 fs due to ICT and ultrafast solvation (acetone is a polar solvent) of the formed species ( Table 2 ). The fit also gives another rising component (5.4 ps), most probably due to twisting of the phenyl carboxylate groups ( Figure 1C) , and a decaying one (2.4 ps) reflecting VR/cooling. As we already noted above, the fs-TAS of both MOFs show very short living emitting structures around 980 nm, assigned to emitting LCCT species (Figures S17 and S18, Supporting Information). The lifetime of these emitters is very short: ≈70-100 fs ( Table 2) . We got slightly longer times (130-350 fs) when observing the rising positive TA band at 880 or 990 nm and decaying one at 940 nm (Figures S18-S20, Supporting Information). These relatively longer rising times, as well as for the linker solution, are probably affected by the ultrafast solvation (femtosecondregime) of acetone. In addition to these components assigned to ICT and LCCT events, we also got components of 3-6 ps due to VR/cooling events. A previous study on Zr-pyrene based MOFs (NU-1000 and NU-901) did not observe the formation of LCCT species within the framework. [37] The results were Adv. Sci. 2019, 6, 1901020 interpreted in terms of interchromophoric interactions, leading to excimer formation (2 ps) in the case of NU-901 and invoking polar excited states in the case of NU-1000. Comparing the femtosecond-behavior of these MOFs with the studied here, the presence of Ce-clusters in the network allows the production (≈100 fs) of LCCT structures, most probably due to the interaction of the 4f orbitals of Ce with those of the pyrene units. Theoretical studies of the effect of metal (Zr, Hf, Th, Ti, U, and Ce) on the LCCT formation in UiO-66(Ce) MOF have suggested the production of this kind of Ce-ligand interactions. [30] Our experimental results are in full agreement with the theoretical prediction, and are the first ones to experimentally elucidate such dynamics for two Ce-based MOFs. It is of great interest to the MOF's community and growing up subfield of photonics of MOFs to carry out advanced spectroscopic studies of this kind of reticular structures, changing the metal clusters, but keeping the same linker moiety, exploring the fs-ms dynamics under the same experimental conditions (solvent, pulse width, excitation fluence, etc). This will provide more clues to a better design of these materials for photonic applications. Table S8 in the Supporting Information summarizes the above discussion where we indicate the main absorbing structures, and the produced events in the interrogated spectral regions.
To summarize the fs-observations using both, up-conversion and transient-absorption techniques, for both MOFs in acetone suspensions we observed ≈100 fs decaying and rising components due to ICT and LCCT reactions. These times become slightly longer (up to 350 fs) at the NIR interrogated region, probably due to ultrafast solvation. A 2.5-7 ps decaying component is recorded because of VR/cooling. Furthermore, Ce-NU-1000, contrary to Ce-CAU-24-TBAPy, shows excimer formation in 50 ps. Remarkably, the very early (less than 100 fs) recorded negative TAS of the MOFs at the NIR region, absent in the free linker, clearly reflecting the ultrafast formation of LCCT structures in the reticular porous materials. These evolve to longer living (µs scale) absorbing and e − /h + emitting species, in agreement with the µs-flash photolysis experiments. The photoconversion and recombination processes are reminiscent to the behavior of semiconductors. Schemes 1 and S1, and Table S8 in the Supporting Information illustrate the fs-µs dynamics observed and discussed in the three examined samples in acetone.
Ce-CAU-24-TBAPy as Photosensor for Nitroaromatic Explosives
Luminescent MOFs have been proposed as fluorescent sensors in several fields of science and technology. [10] For example, they have been reported as photosensors of nitroaromatic molecules, showing a strong quenching of their fluorescence when interacting with them. [10, 11, [53] [54] [55] It has been shown that the driving force behind quenching mechanism is the result of the formation of a charge-transfer complex where in some cases H-bonds between the MOFs and the nitroaromatics play a key role in the selectivity and sensitivity to detect these compounds. Based on the above findings, we explored the ability of the present Ce-based MOFs to detect nitroaromatics in acetone solution. Because Ce-NU-1000 has a very low fluorescence quantum yield (<10 −4 ), we did not examine it. However, we explored the ability of Ce-CAU-24-TBAPy in acetone to detect small quantities (up to 500 ppm in 3 mL of solution) of nitroaromatic molecules. Figures S21-S24 Table 2 . Values of the time constants and normalized (to 100) preexponential factors (a i ) obtained from the best fit of the transients of Ce-CAU-24-TBAPy, Ce-NU-1000 and linker upon excitation at 400 nm and observation at the indicated wavelengths. (TNP), 1, 3, 5-trinitrobenzene (TNB), 3-nitrotoluene (NT), and nitrobenzene (NB), respectively. In all the samples, the emission spectra exhibit a clear quenching. To get information on the nature of the mechanism (dynamic, static or a combination of both), we analyzed the steady-state and time-resolved data. Figures S21-S24 and Table S9 in the Supporting Information show the experimental results and their analysis. For TNP, NT and NB aromatics, the Stern-Volmer analysis gives a straight plot, suggesting a static quenching. [56] However, for TNB detection the resulting nonlinear behavior indicates a dynamical quenching mechanism (or a combination with the static one). Based on the chemical structure of Ce-CAU-24-TBAPy, we exclude formation of H-bonds with the nitroaromatics, as it lacks groups able to exhibit such interactions. We believe that the emission quenching rather involves a charge-transfer process. Using suspension of Ce-CAU-24-TBAPy in acetone having the same concentration of MOF (same optical density), and adding 500 ppm of the nitroaromatics, we found the following ratio of the emission quenching ( I I I − × 100 0 0 at 525 nm, I 0 and I are the emission intensities without and with the added amount of the nitroaromatics): NT (47%) > NB (45%) > TNB (41%) > TNP (36%). The Stern-Volmer associated constants (K SV ) for the case of a static quenching are 2.31 × 10 2 M −1 (NT), 1.99 × 10 2 M −1 (NB), and 2.26 × 10 2 M −1 (TNP). These values are not high enough to propose Ce-CAU-24-TBAPy as new photosensor of nitroaromatics. However, we found that this MOF is not sensitive at all to toluene, benzylic alcohol and p-aminophenol ( Figure S25 , Supporting Information). Thus, even though it does not show a high sensitivity to nitroaromatics, it is highly selective toward these compounds.
Conclusion
In this work, armed with the potential of fast and ultrafast spectroscopies, we have shown and discussed the photobehavior (absorption and emission spectra, fs-ms dynamics and lifetimes) of two Ce-based MOFs having pyrene as the main part of the linker moiety: Ce-NU-1000 and Ce-CAU-24-TBAPy. Both MOFs, having the same metal clusters and linkers, show however different spectroscopies and dynamics, unraveling the topological difference. For example, while the Ce-NU-1000 presents excimers formation (in 50 ps and lifetime of 14.3 ns) after suffering an ICT reaction, Ce-CAU-24-TBAPy only shows the ICT event. The lack of excimers formation in the later is the result of structural restrictions not allowing mutual interactions between neighboring organic linkers in its framework. The ICT states within the organic linkers of both MOFs are, however, formed in comparable times (≈160 fs). The interaction of the available 4f orbitals of Ce 4+ atoms with ones of the HOMO linkers results in a very fast LCCT reaction: ≈70 fs in Ce-CAU-24-TBAPy, and ≈100 fs in Ce-NU-1000. It is worthy to notice that these behaviors are different from those observed in Zr-NU-1000 and Zr-NU-901 MOFs, having the same linkers but different metal clusters. Of relevance to the use of MOFs in photoscience and related technologies, we found that the photoproduced LCCT structures, having separated electron and hole that recombine in two different times, reflecting the presence of shallow (short lifetime) and deeper (long one) trap states on the metal clusters network. The e − /h + recombination is almost three times longer in Ce-CAU-24-TBAPy (1.6 and 13.4 µs) than in Ce-Nu-1000 (0.6 and 4.9 µs). We suggest that the difference could be related to the different metal-clusters orientations in both MOFs, being all oriented in the same direction within the former, but of 3 different orientations within the later. Single crystals fluorescence microscopy of Ce-CAU-24-TBAPy reveals a heterogenous presence of defects within its framework, as we recorded different emission spectra of several single crystals, and at different locations on the same individual crystal. The emission anisotropy analysis of single crystals showed an ordered structure with preferential dipole moment orientation of the emitters. Finally, we also found that Ce-CAU-24-TBAPy has a potential and selective sensitivity to nitroaromatics. The presented findings provide direct information on the clues that shape the photobehaviors and outcome of two chemically similar but topologically different Ce-based MOFs, at very short and longtime scales. We believe that the results are of high quality that allow a deep understanding of the photobehavior of these materials. Thus, this will form a solid base for future developments in photocatalysis and optoelectronics using these materials.
Experimental Section
Synthesis of the Materials-Molecular Ce-clusters: [Ce 6 O 4 (OH) 4 (NH 3 -CH 2 COO) 8 (NO 3 ) 4 (H 2 O) 6 Cl 8 ·8H 2 O] clusters were synthesized according to the literature. [57] First, 9 g of glycine (120 mmol) and 30 g of cerium ammonium nitrate (CAN; 55 mmol) were dissolved in 27 g of water. To this, 321 g of a saturated NaCl solution was added and the resulting solution was left at room temperature for 48 h. The precipitated crystals were filtered off and dried at 60 °C.
Ce-CAU-24-TBAPy MOF was synthesized according to literature. [31] First, 10 mg of 1,3,6,8-tetrakis (p-benzoic acid) pyrene (H 4 TBAPy; 16 µmol) and 675 mg of benzoic acid (5.5 mmol) were dissolved in 1.2 mL of N,N′-diethylformamide (DEF) and heated to 100 °C. To this, 23.5 mg of molecular Ce clusters (60 µmol Ce) in 250 µL of water were added and the resulting mixture was kept at 100 °C under stirring for 15 min. Afterward, the precipitate was isolated by centrifugation.
Ce-NU-1000 was synthesized similar to literature reports. [31] First, 10 mg of H 4 TBAPy (16 µmol) and 675 mg of benzoic acid (5.5 mmol) were dissolved in 2 mL of DMF and heated to 100 °C. To this, 23.5 mg of molecular Ce clusters (60 µmol Ce) in 250 µL of water were added and the resulting mixture was kept at 100 °C under stirring for 15 min. Afterward, the precipitate was isolated by centrifugation.
Structural, Spectroscopic, and Dynamic Measurements: The characterization of the materials was carried out by Powder X-ray Diffraction (PXRD), recorded on a Malvern PANalytical Empyrean diffractometer in transmission mode using a PIXcel3D detector and a Cu anode (Cu Kα1: 1.5406 Å; Cu Kα2: 1.5444 Å) source. Both materials are very crystalline, showing a well resolved PXRD pattern ( Figure S1 , Supporting Information). Scanning electron microscopy (SEM) images were also recorded, using a Philips XL30 FEG microscope. Samples were coated with 2 nm Pt prior to imaging (Figure 1) . The Ce-NU-1000 particles are hexagonal rods with a length of 600-900 nm and a diameter of 100-200 nm. The particles of Ce-CAU-24-TBAPy are less welldefined and rod-shaped with a length and diameter of 0.4-3 µm and 150-500 nm, respectively (Figure 1) .
Below, we briefly describe the spectroscopic techniques used for the study of the materials (see Supporting Information for more information). The steady-state UV-visible absorption and fluorescence spectra were recorded using JASCO V-670 and FluoroMax-4 (Jobin-Yvon) spectrophotometers, respectively. The picosecond (ps) time-resolved emission experiments have been carried out employing a ps timecorrelated single-photon counting (TSCPC) system. [58] The samples were excited at 370 nm using a 40 ps-pulsed diode laser (≈1 mW, 40 MHz). The instrument response function (IRF) of the set-up is ≈70 ps. The confocal fluorescence microscopy measurements were performed on a MicroTime 200 confocal microscope (PicoQuant). The excitation was conducted with the same diode laser used in the TSCPC experiments. The emission spectra were collected through a Shamrock ST-303i (Andor Technology) imaging spectrograph and detected using an Andor Newton EMCCD camera (Andor Technology). The samples were measured in the solid state and were prepared by depositing few crystals on the coverslip and introducing it into the sample holder. The nanosecond (ns) flash photolysis setup has been described previously. [59] To excite the sample, the laser beam was used from an optical parametric oscillator (OPO) (pumped by a Q-switched Nd:YAG laser, Brilliant, Quantel) at 430 nm. For probing, we use the output of a 150 W Xenon arc lamp. The measured IRF of the system is ≈8 ns.
The femtosecond (fs) UV-visible-NIR transient absorption experiments were done using a chirped pulse amplification setup. [60] The samples were placed in a 1 mm spinning cell, excited at 400 nm (≈350 µW) and probed from 450 to 1100 nm (1 kHz repetition rate). The IRF, measured in terms of ΔOD from Raman scattering of pure acetone, was 120 fs. Femtosecond time-resolved emission transients were collected using the fluorescence up-conversion technique. [61] The sample was excited at 370 nm (≈5-10 mW) and the emission was gated at different wavelengths using the 800 nm probing beam. The IRF of the apparatus (measured as a Raman signal of pure solvent) was ≈270 fs (full width at half-maximum, FWHM) at the excitation wavelength.
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